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Abstract
We observed surface acoustic wave (SAW) propagation on a multiferroic material CuB2O4 with
use of two interdigital transducers (IDTs). The period of IDT fingers is as short as 1.6 µm so
that the frequency of SAW is 3 GHz, which is comparable with that of magnetic resonance. In
antiferromagnetic phase, the SAW excitation intensity varied with the magnitude and direction of
the magnetic field, owing to the dynamical coupling between SAWs and antiferromagnetic reso-
nance of CuB2O4. The microscopic mechanism is discussed based on the symmetrically allowed
magentoelastic coupling.
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Multiferroics are materials where magnetism and ferroelectricity coexist. Novel electro-
magnetic phenomena are frequently observed, thanks to the interplay between the mag-
netism and ferroelectricity. For example, they show giant magnetoelectric effects, which
is polarization change induced by a magnetic field, and reciprocally magnetization change
induced by an electric field1,2. The interplay is valid even for the dynamical state. The
magnetoelectric correlation in optical frequency range gives rise to nonreciprocal directional
dichroism3–6 . The electric-field active magnon mode has also been observed in multiferroics7.
Here, we study the dynamical coupling between an antiferromagnetic magnon and surface
acoustic wave (SAW) in a multiferroic CuB2O4.
The SAW is an elastic wave localized on a surface of media8. The amplitude decays
exponentially with the depth from the surface. The SAW can be excited and detected on
a piezoelectric substrate with use of interdigital transducers (IDTs). The SAW can carry
electromagnetic signals between two separated IDTs when the wavelength coincides with the
IDT finger period. The SAW devices composed of two IDTs on a piezoelectric substrate are
industrially used as bandpass filters or delay lines. The combination with magnetism seems
useful for making these devices more functional. In fact, introducing ferromagnetic thin film
between two IDTs gives rise to emergent functionality such as acoustically driven ferromag-
netic resonance9–11, acoustic spin pumping12,13, and nonreciprocal SAW propagation14. A
more direct way of introducing magnetism is replacing piezoelectric substrate with multi-
ferroic one. Quite recently, we succeeded in fabricating SAW device based on a multiferroic
material BiFeO3 in collaboration with other researchers
15. We observed that the SAW inten-
sity and velocity were modulated due to the static magnetostructural change in the magnetic
fields. One might think the dynamical coupling between SAW and magnon should show more
rich phenomena but magnon mode in BiFeO3 is too high to be coupled to SAW
16,17. In order
to elucidate this issue, we investigate SAW coupled to magnon mode on another multiferroic
material CuB2O4.
CuB2O4 has the non-centrosymmetric but non-polar crystal structure with space group
of I 4¯2d. According to symmetry analysis, the piezoelectric tensor is expressed as
0 0 0 d1 0 0
0 0 0 0 d1 0
0 0 0 0 0 d2
 , (1)
where d1 and d2 are non-vanishing constants. As discussed later, the SAW can be generated
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in some choice of the device plane and propagation direction. At low temperature, CuB2O4
exhibits two successive magnetic phase transition at TN = 21 K and T
∗ = 9 K. At TN , it shows
easy-plane Ne´el type antiferromagnetic order18. Ferroelectric polarization depending on the
direction of antiferromagnetic moments is emergent in this magnetic phase. Several unusual
optical phenomena have been reported such as magnetic field induced second harmonic
generation19 and magneto-optical dichroism5. The second transition at 9 K corresponds
to the incommensurate helical ordering. In these magnetic states, a magnetic resonance
mode was observed in low frequency range of several GHz20–22, owing to the small magnetic
anisotropy of Cu2+ S = 1/2 moment. SAW excitation in this frequency range can be
achieved by means of conventional electron beam lithography technique. Therefore, this
material is suitable for the investigation of the SAW coupled to the magnetic resonance.
We fabricated a SAW device on CuB2O4 substrate (Fig. 1(a)). The CuB2O4 single
crystal was synthesized by flux method23. Two Al IDTs with the thickness of 50 nm were
fabricated on the substrate using electron beam lithography and electron beam evaporation.
One finger width of the IDT and space between the fingers were designed to be 400 nm (Fig.
1(b)) so that the wavelength of SAWs is 1.6 µm, which is determined by the periodicity of
IDTs. The distance between the center of the two IDTs is 580 µm. We designed the CuB2O4
SAW device so that the surface of the substrate is perpendicular to crystal [001] axis, and
SAW propagation direction is parallel to [110] axis (Fig. 1(c)). When x, y, z coordinate is
defined as x||[110], y||[1¯10], and z||[001], alternating electric field induced on the IDT has x
and z components, and Rayleigh-type SAW has xx, zz, zx components
8. In this coordinate
system, the piezoelectric tonsor can be discribed as
1
2

0 0 0 0 2d1 0
0 0 0 −2d1 0 0
d2 −d2 0 0 0 0
 . (2)
Because xx, zx components can be induced by the IDT electric field, the SAW can be
excited in this configuration. All the measurements were performed at T = 10 K. As shown
in Fig. 1 (a), the magnetic field is applied parallel to the device surface, and the azimuth
angle of the magnetic field from the SAW propagation direction is defined as φ.
Figure 1(d) shows the absolute value of complex forward transmission from left IDT
(IDT 1) to right IDT (IDT 2) (|S21|(f)) measured by a vector network analyzer (Agilent
E5071C). We have found a broad peak with small ripples around 3 GHz. In order to confirm
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FIG. 1. (a) Top view of CuB2O4 SAW device used in this research. Magnetic field was applied
along the surface of the device. (b) Enlarged view of Al IDT. (c) Schematic diagrams of the device.
the surface of device is (001) plane of the CuB2O4 crystal, and SAW propagation direction is
parallel to the [110] axis. (d) Transmission between two IDTs. Solid line is the raw data measured
and dashed line shows the transmission due to SAW deduced by the Fourier transformation analysis
(see text). (e) Transmission as a function of time obtained by the inverse Fourier transformation.
Data in the colored region is used for the Fourier transformation to the SAW transmission SSAW21 .
this is the SAW signal, we perform a time domain analysis. Figure 1(e) shows absolute value
of the time domain transmission complex amplitude S˜21(t) obtained by an inverse Fourier
transformation24. The large impulse observed around 0 ns is due to the direct electromag-
netic transmission between two IDTs. In addition, we have observed the delayed impulse
around 120 ns. From the distance between IDTs, the velocity of the delayed transmission
signal is estimated as 4.8 × 103 m/s, which almost coincides with the phase velocity esti-
mated from the frequency and IDT finger period. Because the velocity is comparable with
SAW velocity of other piezoelectrics (e.g. 3488 m/s for YZ-cut LiNbO3
8), the delayed signal
can be attributed to the SAW signal. We obtained the absolute value of SAW transmission
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FIG. 2. (a) Magnetic field dependence of microwave absorption due to magnetic resonance of
CuB2O4. The external magnetic field is parallel to [110] axis. Thick line shows the SAW fre-
quency. (b) Magnetic field dependence of normalized SAW transmission SSAW21 /S
0
21 and excitation
−SSAW11 /S011.
spectra |SSAW21 |(f) by performing Fourier transformation only on the SAW transmission time
region (the colored region in Fig. 1 (e)). In this spectrum, the ripples are removed, and the
background level is decreased. Hereafter, we used the |SSAW21 |(f) spectra for the analysis of
the SAW transmission.
Figure 2(a) shows the magnetic field dependence of microwave absorption spectra at T =
10 K, which is measured in the measurement system similar to that of ref. 2222. The static
and alternating magnetic fields were parallel to [110] axis and (110) plane, respectively. We
have found a magnetic resonance mode in this frequency region. The frequency increases
almost linearly with the magnetic field. As discussed in appendix, the origin is ascribed
to the acoustic mode of antiferromagnetic resonance. The magnetic resonance frequency
coincided with the frequency of the SAW around 40 mT.
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FIG. 3. (a) Normalized SAW transmissions SSAW21 and S
SAW
12 as a function of magnetic fields
with various directions. Solid lines show the transmission from port 1 to port 2 (SSAW21 /S
0
21) and
dashed lines are transmission for opposite direction (SSAW12 /S
0
12) . (b) Illustration of xyz- and XYZ-
coordinate systems. (c) Magnetic field angle dependence of normalized SAW transmission SSAW21
at µ0H = 40 mT. Solid line shows C1 − C2 cos2 φ.
Figure 2(b) shows magnetic field dependence of SAW transmission normalized by that
at 200 mT, where the magnetic resonance frequency is far above the SAW frequency
(SSAW21 /S
0
21(H); for the precise definition, see Appendix A)). The SAW transmission gradu-
ally decreases with increasing magnetic field from 0 mT. It shows rapid increase when the
magnetic resonance frequency coincides with the SAW frequency. Then it decreases toward
the high field. This characteristic magnetic field dependence seems caused by the interaction
between the SAW and magnetic resonance. In Fig. 2(b), we also plotted SAW excitation
intensity at IDT 1 normalized by the 200 mT value (−S11/S011(H); for the precise definition,
see Appendix A)), which is estimated by the decrease of reflection due to SAW generation.
Because both the transmission and excitation show similar dependence on the magnetic
field, it seems that the magnetic field dependence is caused by the excitation process.
In order to discuss the microscopic origin of magnetic field dependence, we show the SAW
transmission as a function of the magnetic field along various directions φ in Fig. 3(a). The
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magnetic field dependence became broad and the magnitude decreased with increasing or
decreasing φ from 0◦. Nevertheless, the characteristic magnetic field dependence around 40
mT was still discerned even at φ = ± 90◦. Irrespective of the field angle, the magnetic
field dependence is almost unchanged when the field direction or propagation direction is
reversed (SSAW12 /S
0
12(H) is the normalized transmission for the opposite SAW propagation
direction). Figure 3(c) shows the magnetic field angle dependence of SAW transmission at
40 mT. The SAW transmission varied with φ as C1 − C2 cos2 φ (C1 and C2 are constants).
Let us theoretically discuss the microscopic origin of the magnetic field dependence of
the SAW signal. When the frequency of magnetic resonance is close to that of SAW, the
SAW excited state |SAW〉 and magnetic excited state |Mag〉 are expected to be hybridized
with each other through the magnetoelastic coupling Hme. The SAW state hybridized with
the magnetic excited state is expressed as∣∣∣S˜AW〉 ≈ |SAW〉+ 〈Mag|Hme|SAW〉~ωMag − ~ωSAW |Mag〉 , (3)
where ωMag, ωSAW, and ~ are the frequencies of magnetic excitation and SAW, and Planck
constant divided by 2pi, respectively. When ωMag is increased from 0, the magnitude of the
second term in the right hand side increases. It shows steep sign change at ωMag = ωSAW.
Then the magnitude decreases toward 0 with ωMag. The magnetic field dependence of
SAW excitation may be related to this. The angle dependence is more closely related to
the microscopic mechanism. To discuss this issue we should consider the explicit form of
magnetoelastic coupling. The magnetoelastic coupling energy in antiferromagnetic ordered
state is
Fme =
∑
p,q=1,2
∑
i,j,k,l=1,2,3
bpqijklmpimqjkl, (4)
where mpi represents the i-component of magnetization on p sublattice of the antiferromag-
net, and kl is the strain tensor on the surface of the device. The subscripts 1,2,3 for i, j, k, l
indicate x, y, z components, respectively. The coefficients bpqijkl represent magnetoelastic
coupling constants. The nonvanishing component of bpqijkl is determined by the symmetry
analysis (see appendix B). The effective magnetic field hmep due to the strains acting on the
magnetic moments at p-sublattice mp is given by h
me
p = −∇mpFme. To understand the
acoustic antiferromagnetic resonance under SAW excitation, we consider Landau-Lifshitz
(LL) equation without damping term, in which the magnetic moments are driven by hmep as
well as H and anisotropy field. By partially diagonalizing 6 components of the equation,
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we can deduce 3 effective equations regarding the acoustic antiferromagnetic resonance as
follows (see appendix) ;
1
γ
∂
∂t
(
(δm1X − δm2X) + b
a2
(δm1Y + δm2Y )
)
=
(
m0
)2(
B1 +
b
a2
B2
)
31 cosφ,
(5)(
1
γ
∂
∂t
− iaH0
)
((δm1Y + δm2Y ) + ia(δm1Z + δm2Z)) =
(
m0
)2
(B231 cosφ+ iaB311 sin 2φ) ,
(6)(
1
γ
∂
∂t
+ iaH0
)
((δm1Y + δm2Y )− ia(δm1Z + δm2Z)) =
(
m0
)2
(B231 cosφ− iaB311 sin 2φ) .
(7)
Here, γ and H0 are gyromagnetic ratio and magnitude of external magnetic field, respec-
tively. δmp and m
0 are defined by δmp = mp −m0p and m0 = |m0p|, where m0p is static
part of magnetic moments. XY Z coordinate system is defined as in Fig. 3(b), so that
X-axis is parallel to the magnetic field. Dimensionless constants a and b are defined by
a =
√(− K
m0
cosψ +H0
)
/H0 and b =
(− K
m0
+ 2m0Λ
)
sinψ/H0, where K,Λ and ψ are the
uniaxial magnetic anisotropy constant, molecular field constant, and angle between the sub-
lattice magnetic moments and magnetic field, respectively. B1,B2 and B3 are constants
defined by
B1 = 8 sinψ ((b111313 + b121313) cosψ − b121323 sinψ) , (8)
B2 = −8 cosψ ((b111313 + b121313) cosψ − b121323 sinψ) , (9)
B3 = −2 ((b111111 − b111122) cos 2ψ + b121111 − b121122) . (10)
In the absence of SAW excitation, the right hand sides of Eq.(5)-(7) vanish. In this case,
these equations stand for the pure antiferromagnetic excitation. Because ωMag > 0, only
right-hand ellipsoidal polarized components (δm1Y + δm2Y ) + ia(δm1Z + δm2Z) exhibits
resonance behavior at ωMag = γaH
0. Eq. (7) does not show any resonance behavior, and
Eq. (5) stand for constraint condition describing the relationship between magnetic moment
components parallel (δm1X , δm2X) and perpendicular (δm1Y , δm2Y ) to the magnetic field
during the precession motion of magnetic moments. The right hand sides of these equations
are the magnetic torque due to the SAW excitation. In particular, the right hand side of Eq.
(6) is the direct coupling between the SAW and magnetic resonance mode. The magnitude
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of hybridization is proportional to
|B231 cosφ+ iaB311 sin 2φ|2 . (11)
The experimentally obtained magnetic field dependence of C1 − C2 cos2 φ indicates that
B3 is negligible, which is composed of longitudinal type magnetoelastic coupling constants.
It seems that the strain 31 most effectively excite the acoustic antiferromagnetic resonance.
Note that nonreciprocity should be caused by the mixture of phase different effective mag-
netic fields induced by the shear-type and longitudinal acoustic strains, similarly to the case
of Ni/LiNbO3
14. In this case, however, the longitudinal type magnetoelastic coupling is ab-
sent, and the magnetic field is linearly polarized. That is why the nonreciprocity is negligible
in this system. The constant term C1 cannot be deduced by the present theoretical analysis,
in which the magnitude of magnetic moments is fixed. Perhaps, the constant term is caused
by the magnetic field change of the magnitude.
In conclusion, we could successfully excite and detect the surface acoustic wave on mul-
tiferroic material CuB2O4 by fabricating the interdigital transducers on a CuB2O4 single
crystal substrate. In the antiferromagnetic phase, SAW excitation and transmission ex-
hibited characteristic change due to the coupling to the antiferromagnetic resonance. This
magnetic field dependence was explained by the analysis using the effective magnetic field
caused by magnetoelastic coupling. This research may pave a new path to increase the
controllability of the SAW device.
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Appendix A: Definitions of relative SAW excitation and transmission −SSAW11 /S011(H)
and SSAW21 /S
0
21(H)
Figure A.1(a) shows reflection of the device |S11|(f) under the external magnetic fields
µ0H = 40, 45, 50, and 200 mT. The external magnetic field is applied parallel to the SAW
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(a) (b)
(c)
φ = 0°
0.1
FIG. A.1. (a) Microwave reflection from the SAW device |S11|(f) at several magnetic fields. The
magnetic fields are applied parallel to the SAW propagation direction. The solid line shows the
observed data, and the dotted and dashed lines are the result of fitting of magnetic resonance and
background, respectively (see text). (b) SAW excitation −SSAW11 at 40 mT and 200 mT and the
difference between 40 mT and 200 mT values (∆S11). (c) SAW transmission S
SAW
21 at 40 mT and
200 mT and their difference (∆S21). ∆S11 and ∆S21 in (b) and (c) are multiplied by 5.
propagation direction, i.e. φ = 0◦. There are three components of decrease of reflection
(absorption); a sharp dip, broad dip, and background signal from the device. While the
sharp peak and background do not show large magentic field variation, the frequency of
broad peak increases with the magnetic field. Therefore, we ascribed the origins of sharp and
broad peaks to SAW and magnetic resonance, respectively. In order to accurately estimate
the SAW contribution, we fitted the contribution of magnetic resonance and background to
the Lorentzian and quadratic function, respectively, and subtract them from |S11|(f). Figure
A.1(b) shows the minus subtracted reflection −SSAW11 (f) at µ0H = 40 and 200 mT. Because
the frequency of magnetic resonance is far above 3 GHz at 200 mT, the SAW excitation is
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not affected by the magnetic resonance. When the magnetic field is decreased to 40 mT,
the SAW intensity decreases (Fig. A.1.(b)). Similarly, the transmission at 40 mT is a little
smaller than that at 200 mT as shown in Fig. A.1 (c). The relative change of SAW reflection
and transmission is defined as
SSAW11 /S
0
11(H) = max
{|SSAW11 |(f)} (H)/max{|SSAW11 |(f)} (H = 200 mT/µ0), (A1)
SSAW21 /S
0
21(H) = max
{|SSAW21 |(f)} (H)/max{|SSAW21 |(f)} (H = 200 mT/µ0) (A2)
where max{} stands for the maximum value. From the definition of SAW reflection, the
value −SSAW11 /S011(H) can be interpreted as SAW excitation. These quantities are plotted in
Fig. 2(b) in the main text.
Appendix B: magnetoelastic conpling energy
As discussed above, the magnetoelastic coupling energy in staggered antiferromagnetic
state can be expressed as
Fme =
∑
p,q=1,2
∑
i,j,k,l=1,2,3
bpqijklmpimqjkl. (B1)
Because the magnetoelastic coupling energy is unchanged by the symmetry operation belong
to the space group I 4¯2d, some of constants bpqijkl should vanish and the number of inde-
pendent magnetoelastic coupling constants decrease. The reduced magnetoelastic coupling
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energy can be represented by the following equation;
Fme = 11(b111111m
2
11 + 2b121111m21m11 + b111111m
2
21 + b111122
(
m212 +m
2
22
)
+ b113311
(
m213 +m
2
23
)
+ 2b121122m12m22 + 2b121211 (m11m22 −m12m21) + 2b123311m13m23)
+ 12(4b111212 (m11m12 +m21m22) + 4b121212 (m12m21 +m11m22))
+ 13(4(m21 (b111313m23 + b121313m13) +m11 (b111313m13 + b121313m23)
+ b121323 (m13m22 −m12m23)))
+ 22(b111111m
2
12 + 2b121111m22m12 + b111111m
2
22 + b111122
(
m211 +m
2
21
)
+ b113311
(
m213 +m
2
23
)
+ 2b121122m11m21 + 2b121211 (m11m22 −m12m21) + 2b123311m13m23)
+ 23(4(m22 (b111313m23 + b121313m13) +m12 (b111313m13 + b121313m23)
+ b121323 (m11m23 −m13m21)))
+ 33(b111133m
2
11 + 2m11 (b121133m21 + b121233m22) + b111133m
2
12 + b111133
(
m221 +m
2
22
)
+ b113333
(
m213 +m
2
23
)
+ 2m12 (b121133m22 − b121233m21) + 2b123333m13m23).
(B2)
Appendix C: Effective equations of motion for the antiferromagnetic resonances
under the SAW excitations
The effective magnetic field on the magnetization mp (p = 1,2) is defined by
hmep = −∇mpFme = (hmep1 , hmep2 , hmep3 ). (C1)
The subscript p represents the index of two sublattice of ordered spins.
Assuming that hmep acts on the magnetic moments similarly to the real magnetic field ,
LL equation without damping term is represented by
∂mp
∂t
= −γmp ×
{
−Λmq + K|mp|2 (mp · zˆ)zˆ + h
me
p +H
}
, (C2)
where zˆ is the unit vector along z-axis. By putting mp = m
0
p + δmp and linearizing the 6
equations with respect to δm and hmep , we get
1
γ
∂δmp
∂t
+m0p× (−Λδmq +
K
(m0)2
(δmp · zˆ)zˆ) + δmp× (−Λm0q +H) = −m0p×hmep , (C3)
12
where p, q = 1 or 2 and p 6= q.
Based on the reduced magnetoelastic coupling energy (B2) , the effective magnetic field
components form
hme11 =− 2m011 (b11111111 + b11112222 + b11113333)
− 4b111212m01212 − 2m021 (b12111111 + b12112222 + b12113333)
− 2m022 (b121211 (11 + 22) + 2b12121212 + b12123333) ,
hme12 =− 2b111111m01222 − 2b111122m01211 − 2b111133m01233 − 4b111212m01112 − 2b121111m02222
− 2b121122m02211 − 2b121133m02233 + 2m021 (b121211 (11 + 22)− 2b12121212 + b12123333) ,
hme13 =− 4b111313m01131 − 4b111313m01223 − 4b121313m02223 − 4b121323m02231
+ 2m021 (2b12132323 − 2b12131331) ,
hme21 =− 2m021 (b11111111 + b11112222 + b11113333)− 2m011 (b12111111 + b12112222 + b12113333)
+ 2
(
m012 (b121211 (11 + 22)− 2b12121212 + b12123333)− 2b111212m02212
)
,
hme22 =− 2b111111m02222 − 2b111122m02211 − 2b111133m02233 − 4b111212m02112 − 2b121111m01222
− 2b121122m01211 − 2b121133m01233 − 2m011 (b121211 (11 + 22) + 2b12121212 + b12123333) ,
hme23 =− 4b111313m02131 − 4b111313m02223 − 4b121313m01223 + 4b121323m01231
− 4m011 (b12131331 + b12132323) .
(C4)
Here we estimate the effective magnetic field due to the small strain. Therefore, we neglect
the dynamical component of magnetization (δmp). Since the magnetic order in CuB2O4 at
T= 10 K is easy-plane Ne´el type magnetic order, we assume m0p3 = 0.
From the fact that the device was designed so that its sagittal plane is parallel to the
mirror plane of the crystal, we can assume that Rayleigh type SAW mode is excited in our
measurement25. We neglected the strain components other than 11, 33, and 31, of which
Rayleigh type SAW is composed. By diagonalizing Eq. (C3), we get the six equations for
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antiferromagnetic resonance as follows;
1
γ
∂
∂t
(
(δm1X − δm2X) + b
a2
(δm1Y + δm2Y )
)
=
(
m0
)2(
B1 +
b
a2
B2
)
31 cosφ,
(C5)(
1
γ
∂
∂t
− iaH0
)
((δm1Y + δm2Y ) + ia(δm1Z + δm2Z)) =
(
m0
)2
(B231 cosφ+ iaB311 sin 2φ) ,
(C6)(
1
γ
∂
∂t
+ iaH0
)
((δm1Y + δm2Y )− ia(δm1Z + δm2Z)) =
(
m0
)2
(B231 cosφ− iaB311 sin 2φ) ,
(C7)
1
γ
∂
∂t
((δm1X + δm2X) + c(δm1Y − δm2Y )) =
(
m0
)2
(B4 + cB5) 13 cosφ,
(C8)(
1
γ
∂
∂t
− ie(2mΛ cosψ −H0)
)
(d(δm1X + δm2X) + (δm1Y − δm2Y )− ie(δm1Z − δm2Z))
=
(
m0
)2
(dB4 +B5) 13 cosφ− ie(B633 + 11(B7 cos 2φ+B8)),
(C9)(
1
γ
∂
∂t
+ ie(2mΛ cosψ −H0)
)
(d(δm1X + δm2X) + (δm1Y − δm2Y ) + ie(δm1Z − δm2Z))
=
(
m0
)2
(dB4 +B5) 13 cosφ+ ie(B633 + 11(B7 cos 2φ+B8)),
(C10)
where δm1X = δm11 cosφ+δm12 sinφ, δm2X = δm21 cosφ+δm22 sinφ, δm1Y = −δm11 sinφ+
δm12 cosφ, δm2Y = −δm21 sinφ + δm22 cosφ, δm1Z = δm13, δm2Z = δm23. Dimension-
less constants c, d, and e are defined by c = K sinψ
(2Λ(m0)2+K) cosψ−m0H0 , d =
2m0Λ sinψ
2m0Λ cosψ−H0 ,
e =
√
(H0)2−(4Λ(m0)+K/m0) cosψH0+2Λ(Λ(m0)2+(Λ(m0)2+K) cos 2ψ)
2m0Λ cosψ−H0 . B4, B5 and B6 are constants de-
14
μ0H = 40mT
θ = 0°
15°
30° 45°
60°
75° 90°
FIG. A.2. Microwave absorption spectra in magnetic fields with various directions within the
(11¯0) plane and the fixed magnitude of µ0H = 40 mT. θ is defined as the angle between the [001]
axis and the magnetic field.
fined by
B4 = 8 sinψ ((b121313 − b111313) sinψ + b121323 cosψ) , (C11)
B5 = −8 cosψ ((b121313 − b111313) sinψ + b121323 cosψ) , (C12)
B6 = −4 (b121133 sin 2ψ + b121233 cos 2ψ) , (C13)
B7 = −2 sin 2ψ (b111111 − b111122) , (C14)
B8 = −2 ((b121111 + b121122) sin 2ψ + 2b121211 cos 2ψ) . (C15)
Eqs.(C5)-(C7) and Eqs.(C8)-(C10) are relevant to the acoustic mode and optical mode of
antiferromagnetic resonance, respectively.
Appendix D: Antiferromagnetic resonance measurements
We measured the microwave absorption of CuB2O4 in order to study the origin of mag-
netic resonance. While the magnetic field is along the (001) plane in the previous work22,
it is within the (11¯0) plane in the present study. The other experimental configurations are
similar to those in the previous study. Figure A.2 shows microwave absorption in magnetic
fields with various directions and the fixed magnitude of 40 mT. θ is defined as the angle
between the [001] axis and the magnetic field. As the angle θ decrease, magnetic resonance
spectra shifted to low frequency and its intensity decreases. This is quit consistent with
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the picture of magnetic resonance in easy plane antiferromagnets because the lowest mag-
netic resonance becomes zero mode in the plane-normal magnetic field for the easy plane
antiferromagnets26. In the previous work, we tentatively assigned this magnetic resonance
to the paramagnetic resonance of Cu(B) site because this absorption peak is smoothly con-
nected to the magnetic resonance peak above TN . Nevertheless, this new experimental result
strongly supports the antiferromagnetic resonance origin.
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